The goldfish (Carassius auratus) visual pathway displays continuous growth and plasticity throughout life.
The goldfish visual pathway is embryonic in nature, displaying continuous neuronal differentiation, axonal growth, and synaptic plasticity throughout life (1, 2) . Cells within the retina differentiate from a limited number of precursor cell populations in a spatially restricted manner. In the outer nuclear layer, rod precursor cells divide and differentiate to form mature rods (3, 4) . At the peripheral margin of the retina, primitive neuroepithelial cells diVide and differentiate to form retinal ganglion cells (2) . The growing retinal ganglion cell axons target tectal cells whose numbers also continuously increase. The growth pattern of retinal ganglion cells is symmetric, whereas the growth pattern of tectal cells is asymmetric. To maintain the retinotopic map, a persistent shifting of synaptic terminals between retinal ganglion cell axons and tectal cells results in continued synaptic plasticity (5) . Furthermore, the goldfish visual pathway is regenerative. Following optic nerve injury, retinal ganglion cell axons regenerate and grow through the optic nerve and make appropriate functional synaptic connections (6) . Injury to the retina also results in an ordered regeneration ofthe retinal cell types from the rod precursor cells (7, 8) . These developmental and regenerative properties are not observed in the adult visual pathways of higher vertebrates. Thus, the goldfish visual pathway has emerged as an important model system to study molecular events associated with axonal growth and neurogenesis (9) (10) (11) (12) .
Neuronal development is a coordinately regulated process. Cellular differentiation, axonal outgrowth, growth termination, and eventual synapse formation and maturation can be organized into growth stages along a time course of regulated molecular events. These stages can be biochemically characterized in terms of a differential expression of structural as well as regulatory macromolecules that meet the physiological requirements of the developing neurons at each stage of growth.
Homeodomain proteins are important regulators of embryogenesis and development. The homeodomain encodes a helix-turn-helix DNA binding domain (reviewed in ref. 13 ) -60 amino acids long. It was initially discovered as a conserved DNA sequence, termed the homeobox, in genes controlling segmentation and segment identity during Drosophila development (14, 15) . Subsequently, homeobox genes were identified in genomes from yeast to man (ref. 16 and references therein). The expression of homeobox genes is linked to pattern formation, regional specification, and cellular differentiation during embryogenesis (reviewed in refs. 17 and 18) , in limb regeneration in urodele amphibians (19, 20) and in continuously developing adult mammalian tissues (21) (22) (23) .
Given their importance as developmental regulators, we searched for homeobox genes in the adult goldfish visual system as a first step to determine if their expression can be linked to the developmental properties of this system. We used the PCR to survey the RNA populations of the adult goldfish retina and brain for homeobox gene expression. Homeodomain-specific PCR primers were designed from two highly conserved amino acid sequences within the homeodomain so that a large proportion of the homeobox gene family could be targeted for amplification. This approach was recently described as a powerful technique to detect homeobox gene expression in developing tissues and to trace homeobox genes through evolution (24, 25) . Finally, we performed Northern hybridizations to assess the comparative expression levels of the identified homeobox sequences in the retina and brain RNA populations. §
MATERIALS AND METHODS
Tissue and RNA Isolation. Common goldfish (Carassius auratus, 8-12 cm) were anesthetized in 0.05% tricaine methanesulfonate and placed in ice water prior to sacrifice. Brain tissue was removed and immediately frozen in liquid nitrogen. Neural retina was isolated and washed in 1 x phosphatebuffered saline and immediately frozen in liquid nitrogen.
Total cellular RNA from brain and retina was isolated with RNAsol B according to the manufacturer's instructions (Biotecx Laboratories, Houston) with the following modifications. After lysis, samples were spun at 6000 x g for 10 min at 4°C. In addition, prior to poly(A)+ RNA isolation, total 
L09695 (G9-1), L09696 (G1O-1), L09697 (G114), and L09698 (G4- with equal volumes of chloroform, phenol/chloroform, and chloroform again. The PCR cDNA products were resolved on 10% native polyacrylamide gel by electrophoresis (26) . The band of expected size (129 bp) was gel purified and digested with Xba I and Sal I restriction endonucleases. The restriction endonucleases were removed from the cDNA by extraction with phenol/chloroform and chloroform and ethanol precipitation. The 129-bp cDNAs were subcloned into the pBluescript vector (pBS, KS polylinker; Stratagene) according to standard procedures (26) . Individual clones were sequenced using the Sequenase enzyme according to the manufacturer's instructions (United States Biochemical).
Sequence Analysis. The amino acid sequences of the PCR clones were deduced from their nucleotide sequences and were compared to a compilation of homeodomain sequences (16) (27 Templates for probe generation were the homeobox PCR clones in the pBS vector representing each of the homeobox groups (see Results and Discussion). The plasmids were prepared by restriction endonuclease digestion with Xba I. High specific activity antisense RNA probes were prepared by run-off transcription with the phage T3 promoter in the pBS vector and T3 RNA polymerase. After hybridization, the blots were washed at high stringency (final wash; .730C in 0.1 x SSPE/0.1% SDS). Filters were exposed to autoradiography using Kodak XAR-5 film with an intensifying screen at -800C.
RESULTS AND DISCUSSION
Identification of Homeobox Sequences by PCR. To identify homeobox sequences in the adult retina and brain RNA populations, we utilized an RNA-based PCR amplification protocol similar to the approach described by Murtha et al. (25) . A first strand cDNA pool was synthesized from total RNA by reverse transcription using Moloney murine leukemia virus reverse transcriptase and oligo(dT) primer. Homeobox sequences were amplified from the cDNA pool by PCR with homeobox-specific primers that correspond to two highly conserved peptide sequences within the homeodomain (Fig. 1) . The expected band was 129 bp in length since the distance between primers (82 bp) is conserved throughout the homeobox gene family. The band was cloned into the pBS vector. Thirty-six independent clones were randomly selected and sequenced from two PCR experiments using retina RNA and 16 independent clones were randomly selected and sequenced from one PCR experiment using brain RNA. A multitude of nucleotide sequences was obtained from both tissues (discussed below).
The amino acid sequences of the PCR clones were deduced from the nucleotide sequences. The clones were then organized into groups on the basis of their amino acid sequences (Fig. 2) . Clones within a group had the identical amino acid sequence in the predicted homeobox reading frame. Eleven Proc. Natl. Acad. Sci. USA 90 (1993) Developmental Biology: Levine and Schechter 30 40 Thirty-six independent retina PCR clones were organized into 10 groups on the basis of their derived amino acid sequences (Gl-GlO). Sixteen independent PCR brain clones were organized into 5 groups (Gl, G4, G6, G9, and Gll). Each group is compared to the sequence of the Antp homeodomain in the region between the ANTP-L and HBl-R oligonucleotide primers (Fig. 1) groups (Gi-Gli) were identified overall (Fig. 2) . Ten groups of amino acid sequences were identified from the retina PCR clones (Gi-GlO), and 5 groups of amino acid sequences were identified from the brain PCR clones (Gi, G4, G6, G9, and Gll). The Gll sequence was the only sequence from the brain that was not found in the retina (Fig. 2) .
The number of independent clones assigned to each group from the retina and brain is listed under INCIDENCE in Fig.  2 . The distribution of clones is a rough measure of the efficiency of amplification for each group within the respective tissues. The relative efficiency for each sequence to amplify is due to a balance of statistical and random factors that is sensitive to alterations in the PCR parameters. Thus, this approach is not a quantitative measure of relative abundance, nor does it imply that all of the homeobox sequences expressed in the retina and brain have been detected.
Nucleotide variation among PCR clones occurred in some groups where more than one clone was sequenced (Fig. 3) . Three factors can account for these differences: (i) allelic variation, since the animals used for this study were taken from a natural population; (ii) more than one homeobox gene with the identical amino acid sequence in the amplified region can be represented in a group; and (iii) Taq DNA polymerase error. Nucleotide variation is most notable in the G3 group (Fig. 3) . The nucleotide sequences of G3-1 and G3-2 are different in 22 of 82 positions. Nucleotide variation was also observed in the Gi, G4, G5, G9, and Gll groups. In all cases, when these sequences are translated, the deduced amino acid sequences are identical among the sequences in each group. However, two independent PCR clones have sequences that differ by 1 nt from other amplified sequences, and the changes resulted in single amino acid substitutions in the homeobox reading frames. These clones were grouped with the clones to which they were most similar (Gi and G7; data not shown).
To identify the types of homeodomain sequences that we isolated from the adult goldfish retina and brain, the amino acid sequences of the PCR clones were compared to a compilation of homeodomain sequences (16) and to the EMBL and GenBank data bases using the Genetics Computer Group program (27) . The homeobox genes with the highest homologies to the goldfish sequences are listed in Fig.  2 . The G1-G5, G7, G8, and Gll sequences are 96-100% homologous to the corresponding portions of homeodomain sequence in genes from the vertebrate Hox clusters (see references in the legend to Fig. 2 ). Gl-li CCATTTCAAT AGATATCTCA CGCGCAGGAGG AGAATAGAGA TAGCGCACGC TCTCTGTCTC TCAGAGAGGC AAATTAAAA TA 
G1-2 ---------------C-----C--G--------G-----------C--------A--C---------C-T--------G---

G3-2' ---T-----TA-A--T--C--G--CA-GA-G A----A--------T-----T-----C--T --------G-----T-----C
G4-1i TCATTTCAAT AAGTACTTAA CTCGCGCAAGG CGGGTGGAGA TCGCTGCTGC GCTTCAGCTG AACGAGACTC AGGTGAAIGA TT
G4-2 ------------------G---------------------------------------------------------------G4-3 ------T-----------G-----T-----------------T--G--------C--AT-A ---------------------
0S-1 CCACTACAAC AAATACCTTT GCCGACCACGC CGTGTGGAAA TAGCCGCGCT TCTCGACCTT ACAGAACGCC AGGTCAAAG TG G5-2 -----T------G--T--C-----G---A-G --C--------C-----T--G--G-----C--C--G--G--A--------C
G6-i' TCTCTTCAAC AAGTACATTG CGCGCCCGCGC CGCGTGGAGC TCGCGCTCAC CCTCAGCCTC ACCGAGAGAC ACATCAAGA TC G7-1' CTTGTTCAAC ATGTACTTGA CTCGAGAGCGC CGTCTGGAGA TCAGCAAGAG TATCAACCTC ACAGACAGAC AGGTCAAGA TC GB-i1 CCTCTTCAAC ATGTACTTGA CACGAGAGCGT CGCCTCGAGA TCAGCCGCAG CGTTCACCTC ACGGACAGAC AGGTCAAAA TC G9-1i TCACTGTAAG AAATATCTTT CCCTCACAGAA CGCTCGCAGA TCGCCCATGC GTTAAAGCTC AGCGAGGTGC AGGTCAAGA TC (Fig. 2) followed by a dash and number. Asterisks indicate which sequences were used as probes for the Northem hybridization experiments. The G6 sequence is -85% homologous to the corresponding region of the Xenopus XIHbox 8 homeodomain (ref. 33 ; Fig. 4A ). In addition to the high sequence similarity with XIHbox 8, the G6 sequence encodes a histidine at position 44 of the homeodomain. This histidine lies within the DNA recognition helix of the homeodomain and may confer unique DNA sequence recognition properties to XIHbox 8 (33) . The leech gene Htr-A2 (ref. 38 ; Fig. 4A ) is the only other homeobox gene found thus far to contain a histidine at position 44 . These genes may define an additional class of homeodomains.
G9-2 ------------G-----G--------C--G -----T--------G--C---C-C--A-----------C-------A---
The G9 sequence has 100% homology to the corresponding region of the chicken CHox7 homeodomain (ref. 36 ; Fig. 2 ). The CHox7 homeodomain is considerably divergent from other homeodomain sequences, but may be a distant relative of the msh-type homeodomains (ref. 43 and references therein). Interestingly, the murine Msh genes, Hox 7.1 (44, 45) and Hox 8.1 (46) , are expressed in cells of the mouse embryo that give rise to eye structures (46) . Although very little is known about CHox7 expression, identical sequences were isolated from 13.5-day mouse telencephalon cDNA by PCR (25) , suggesting a role in vertebrate forebrain development.
The G10 amino acid sequence is the most divergent of all of the goldfish sequences identified. The best match for the G10 sequence was to the nematode, C. elegans, ceh-10 homeodomain (37) at 74% homology (Fig. 4B) . Among vertebrate homeobox genes, the highest homology for the G10 sequence is 67% with the homeodomains of the murine Pax-6 (39), zebrafish Pax-6 (40) , and zebrafish Pax[zf-aJ (41, 42) genes ( Fig. 4B ; zebrafish Pax-6 and Pax[zf-aJ cDNAs are identical). ceh-10 and the Pax-6 genes contain prd-type homeodomains (ref. 16 and references therein). Therefore, we propose that the G10 sequence encodes part of a vertebrate homeobox gene with a prd-class homeodomain. The gene encoding the G10 homeodomain may also harbor a paired domain (47) , making this gene a member of the vertebrate Pax gene family (48) .
Pax gene expression has been correlated with vertebrate eye development. For example, the zebrafish and murine Pax-6 genes (Pax[zf-aJ) are expressed in a portion of the neural tube that will give rise to the eye (39) (40) (41) (42) . Furthermore, in hatched zebrafish larvae, Pax-6 is expressed in the retinal ganglion cell layer and in the bipolar cell layer of the retina (40, 42) . However, the G10 encoding gene is not likely to be a goldfish homologue of the Pax-6 genes for the following reasons. The amino acid sequences of the zebrafish and murine Pax-6 genes are 100o homologous in the homeodomain and 97% homologous throughout the entire protein (40) . Therefore, there may be a strong selective pressure during vertebrate evolution to conserve the primary structure of the Pax-6 protein. Given the evolutionary relatedness of goldfish and zebrafish, it is unlikely that the G10 sequence is part of a Pax-6 homologue, especially when the amino acid sequence similarity between the G10 sequence and the Pax-6 homeodomain (67%) is considered. Similarly, the evolutionary distance between the nematodes and fish and the high sequence homology (74%) between the G10 sequence and ceh-10 suggests that the G10 sequence may be part of a homeodomain that is a vertebrate homologue of ceh-10.
Steady-State Levels of Homeobox Transcripts. We characterized the expression patterns of the homeobox clones by Northern hybridization analysis. Radiolabeled antisense riboprobes for each of the clones marked by asterisks in Fig.  3 were hybridized to 2.5 ,ug of poly(A)+ RNA from the adult goldfish retina and brain.
Probes from the G2, G4, G6, G7, and G8 groups did not detect transcripts in either tissue (data not shown). Reverse transcription and PCR controls exclude the possibility of amplification from a genomic DNA contaminant (data not shown). Therefore, these transcripts were detected by PCR because of its extreme sensitivity. However, they are expressed below the levels of detection by Northern hybridization.
Positive hybridizations were obtained with probes from the Gl, G3, G5, G9, G10, and Gll groups (Fig. 5) . The Gl probes (G1-1 and G1-2) detected transcripts of 2 kb in the brain. Similarly, the G3 probes (G3-1 and G3-2) hybridized to transcripts of z2 kb in the brain. Only the hybridization for the G3-1 probe is shown because the G3-2 hybridization was barely detectable. The G5 probes (G5-1 and G5-2) gave different patterns of expression when compared to each other. The G5-1 probe hybridized to a rare transcript at 1.25 kb that was detected only in the brain (not shown). The G5-2 probe hybridized to multiple transcripts in the retina and brain. A 1.4-kb transcript was detected in both tissues and was more abundant in the brain. A 3.5-kb transcript was detected exclusively in the brain, and a 4.4-kb band was detected in both tissues at equal intensity. The G9-1 probe detected a 2.1-kb transcript in the retina and brain. The G10-1 probe detected a major transcript at 1.6 kb and a minor transcript at 2.7 kb in the retina, and the G11-4 probe detected a 2.5-kb transcript in the brain.
The adult vertebrate retina and brain contain a diversity of cell types. The goldfish retina and brain are no exception, but in addition, there are cell populations at various stages of differentiation. The low level ofexpression observed for most of the goldfish homeobox transcripts (G1-G8) in the retina and brain raises the possibility that these transcripts are restricted to a subset of cells at a specific stage of differentiation or to small populations of differentiated cells. Fig. 3 . Positive hybridizations are shown and the probes are listed below their respective exposures. Arrowheads denote the positions of the 28S and 18S rRNAs and the transcript sizes are shown in kb. The G3-2 probe detected a rare transcript in the brain at 2 kb and the G5-1 probe detected a rare transcript in the brain at 1.25 kb (not shown). Probes from G4, G6, G7, and G8 did not detect transcripts by this assay. Exposure times were for 8 days except for G10-1 (2 days) and G11-4 (10 days).
These roles were proposed for the homeodomain LIM protein, Isl-J, which is expressed in specific subsets of cells in the adult rat central nervous system and endocrine system (49) . Interestingly, Isl-l is expressed in the inner nuclear layer and in a subset of retinal ganglion cells of the adult rat retina (49) .
We also detected expression of homeobox genes that were relatively abundant in the retina and brain. For example, the G9-1 probe detected transcripts of similar abundance in both tissues. In contrast, the G10-1 probe detected transcripts that were specific to the retina and the G11-4 probe detected a transcript that was specific to the brain. The G10 and Gil encoding genes may be expressed in cell populations that are abundant, yet specific to their respective tissues. The retina and brain are neural tissues that develop in a layered array with the cells of each layer performing unique and specific functions. The abundant G10 and Gil transcripts may be expressed in a layer-specific manner. This is consistent with a gene product whose role is to provide positional cues for cells in constantly developing tissues such as the adult goldfish retina and brain. These proposed functions for the goldfish homeobox genes have been demonstrated for the homeobox gene family during embryogenesis in other species
but have yet to be shown for adult vertebrate central nervous system tissues. The expression of the genes encoding these homeobox sequences in the adult goldfish retina and brain may be associated with the retained and persistent developmental characteristics of these tissues in the goldfish or may be a general feature of the adult vertebrate retina and brain.
